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Highlights: 29 
• Sensory and motor enrichment enhance neurosteroidogenic enzyme transcription.  30 
• The effect of enrichment on steroidogenesis differs in young and middle-aged rats. 31 
• The expression of 3α-HSD, 5αR-1 and P450(11β)-2 is regulated by methylation. 32 
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Abstract 45 
In the present study, we analyzed the effects of a short-term environmental enrichment on 46 
the mRNA expression and DNA methylation of steroidogenic enzymes in the 47 
hippocampus. Thus, young adult (80-day-old) and middle-aged (350-day-old) Wistar 48 
female rats were exposed to sensory (SE) or motor (ME) enrichment during 10 days and 49 
compared to animals housed under standard conditions. SE was provided by an assortment 50 
of objects that included plastic tubes and toys; for ME, rodent wheels were provided. In 51 
young adult animals, SE and ME increased the mRNA expression of cytochrome P450 52 
17α-hydroxylase/c17,20-lyase, steroid 5α-reductase type 1 (5αR-1) and 3α-hydroxysteroid 53 
dehydrogenase and decreased the methylation levels of 5αR-1 gene. In middle-aged rats, 54 
ME and SE upregulated the gene expression of aldosterone synthase and decreased the 55 
methylation state of its promoter. These results propose that SE and ME differentially 56 
regulate the transcription of neurosteroidogenic enzymes through epigenetic mechanisms in 57 
young and aged rats. 58 
 59 
Keywords (5): sensory enrichment, motor enrichment, steroidogenic enzymes, DNA 60 
methylation, hippocampus. 61 
 62 
Abbreviations 63 
17β-HSD-3: 17β-hydroxysteroid dehydrogenase type 3 64 
3α-HSD: 3α-hydroxysteroid dehydrogenase 65 
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3β-HSD: 3β-hydroxysteroid dehydrogenase/∆5-∆4-isomerase 66 
5αR-1: steroid 5α-reductase type 1 67 
AD: Alzheimer's disease 68 
BDNF: brain-derived neurotrophic factor 69 
DG: dentate gyrus 70 
DHEA: dehydroepiandrosterone 71 
EE: environmental enrichment 72 
ME: motor enrichment 73 
P450(11β)-2: aldosterone synthase 74 
P450(17α): cytochrome P450 17α-hydroxylase/c17,20-lyase 75 
P450arom: cytochrome P450arom 76 
P450scc: cytochrome P450 side chain cleavage 77 
PD: Parkinson's disease 78 
SE: sensory enrichment 79 
StAR: steroidogenic acute regulatory protein 80 
1. Introduction 81 
Environmental enrichment (EE) has been defined as “a combination of complex inanimate 82 
and social stimulation”(Rosenzweig et al., 1978). Typically, EE is composed of a group of 83 
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animals (social stimulation) that are housed in large cages containing different objects of 84 
various shapes, sizes and colors (sensory stimulation) and/or running wheels (motor 85 
stimulation), that are periodically changed to stimulate curiosity and exploration. In 86 
rodents, these experimental conditions are known to improve plasticity (Nithianantharajah 87 
and Hannan, 2006; Sale et al., 2009; van Praag et al., 2000), neurogenesis (Beauquis et al., 88 
2010; Valero et al., 2011), synaptogenesis (Birch et al., 2013) and dendritic branching 89 
(Beauquis et al., 2010; Bindu et al., 2007). Changes in the expression of neurotrophic and 90 
synaptic genes, such as brain-derived neurotrophic factor (BDNF), nerve growth factor and 91 
synaptophysin, have also been described (Birch et al., 2013; Nithianantharajah and Hannan, 92 
2006). In addition, several authors have reported that EE enhances memory and learning 93 
functions and promotes neuronal protection mechanisms during aging (Birch and Kelly, 94 
2018; Frick and Fernandez, 2003; Leal-Galicia et al., 2008; Mora et al., 2007) and 95 
neurodegenerative pathologies such as Alzheimer´s disease (AD), Parkinson's disease (PD) 96 
and brain injuries (Frick and Benoit, 2010; Laviola et al., 2008; Nithianantharajah and 97 
Hannan, 2006; van Praag et al., 2000) . 98 
Neurosteroids are steroid hormones synthesized de novo from cholesterol or steroidal 99 
precursors in various brain regions, including hippocampus (Compagnone and Mellon, 100 
2000; Reddy, 2010) (Figure 1).They exert several biological actions associated with the 101 
central nervous system as a result of genomic actions, mediated by classical receptors (such 102 
as progesterone and estrogen receptors), and nongenomic actions, mediated by 103 
neurotransmitter receptors (such as GABA and N-methyl-d-aspartate receptors). 104 
Neurosteroids regulate critical brain functions including spinogenesis (Hojo and Kawato, 105 
2018), synaptic plasticity (Reddy, 2010; Rune and Frotscher, 2005), myelination (Brinton, 106 
2013; Mellon, 2007; Reddy, 2010), neuronal survival (Charalampopoulos et al., 2008; 107 
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Mellon, 2007; Singh et al., 2012) dendritic growth (Hojo and Kawato, 2018) and cognition 108 
(Frye, 2009; Luine, 2014; Schumacher et al., 2003).Moreover, absence or reduced levels of 109 
neurosteroids have been reported during aging, neurodegenerative diseases and brain 110 
damage (Charalampopoulos et al., 2006; Charalampopoulos et al., 2008; Luchetti et al., 111 
2011a; Luchetti et al., 2011b). Under those conditions, the expression of steroidogenic 112 
enzymes has been also found to be affected. For example, damage of cerebellar afferent 113 
neurons of the inferior olivary nucleus evoked a significant increase in steroidogenic acute 114 
regulatory protein (StAR), cytochrome P450 side chain cleavage (P450scc), and 115 
cytochrome P450 aromatase (P450arom) mRNA levels at this site (Lavaque et al., 2006) . 116 
In addition, expression changes were seen for cytochrome P450 17α-hydroxylase/c17,20-117 
lyase (P450(17α) in the rat hippocampus after traumatic brain injury  (Birnie et al., 2013). 118 
Neurons that expressed P450scc, 3β-hydroxysteroid dehydrogenase/∆5-∆4-isomerase (3β-119 
HSD), as well as those that expressed 3α-hydroxysteroid dehydrogenase (3α-HSD) and 120 
steroid 5α-reductase (5αR) were lost in adult Niemann Pick Type-C brains, resulting in 121 
diminished concentrations of allopregnanolone (Mellon et al., 2008). Alteration levels of 122 
5αR and P450arom were also found in different brain areas during PD, AD and/or multiple 123 
sclerosis (Luchetti et al., 2011a; Luchetti et al., 2011b). All these findings strongly suggest 124 
a key role of neurosteroids in neuroprotection.   125 
Little is known about the association between environment and brain steroidogenesis. In 126 
hippocampus, social isolation has been shown to decrease the mRNA levels of the 5αR type 127 
1 (5αR-1) in mice (Agis-Balboa et al., 2007) and increased the level of P450arom mRNA 128 
and stimulated estradiol synthesis in the rats (Munetsuna et al., 2009). Contrary, Munetsuna 129 
et al. (2011) reported an increase in the levels of mRNAs for 5αR-1 and 3α-HSD in the 130 
hippocampus of young adult male rats exposed to a long-term EE. Recently, we found that 131 
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this experimental condition also increased the expression of 5αR-1, 3α-HSD and P450(17α) 132 
in the hippocampus of middle-aged female rats (Rossetti et al., 2015). Moreover, we related 133 
these changes in the expression of 5αR-1 with alterations in the methylation levels of its 134 
promoter. DNA methylation involves the transfer of a methyl group onto the C5 position 135 
of the cytosine to form 5-methylcytosine and is one of the most studied mechanisms 136 
for silencing gene expression (Moore et al., 2013). In fact, DNA methylation mechanism 137 
has been shown to regulate the transcription of steroidogenic enzymes such as P450arom 138 
(Lazzarino et al., 2017; Vanselow et al., 2005; Vanselow et al., 2010), P450(17α) 139 
(Missaghian et al., 2009), 5αR-1 (Lazzarino et al., 2017; Rossetti et al., 2016b; Rossetti 140 
et al., 2015), 3α-HSD (Rossetti et al., 2015), and aldosterone synthase (P450(11β)-2) 141 
(Howard et al., 2014; Yoshii et al., 2016)  suggesting that steroidogenesis is under 142 
epigenetic control.  143 
In order to understand how environment improves neuronal functions, several studies have 144 
identified a plethora of cellular, molecular and behavioral changes associated with the 145 
beneficial effects of EE. However, a comprehensive analysis is necessary to identify the 146 
impact of this kind of stimuli on neurosteroidogenesis. Until now, all studies have been 147 
conducted using long-term enriched conditions. Here, we analyzed for the first time the 148 
effects of a short-term EE on brain steroidogenesis. For that, we measured mRNA 149 
expression of steroidogenic enzymes in the hippocampus of young adult and middle-aged 150 
female rats exposed during 10 days to a sensory or motor enrichment. In addition, we 151 
demonstrated the localization of the most relevant steroidogenic enzymes using 152 
immunohistochemistry (IHC). Finally, the methylation levels of the promoter regions of 153 
steroidogenic enzymes were analyzed as a possible mechanism of regulation of 154 
transcription.  155 
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 157 
2. Materials and methods 158 
2.1. Animals and Experimental Design 159 
Young adult (Y) and middle-Aged (A) female rats of a Wistar-derived strain bred at the 160 
Department of Human Physiology (School of Biochemistry and Biological Sciences, Santa 161 
Fe, Argentina) were used. Animals were maintained under a controlled environment 162 
(22 ± 2 °C; lights on from 06:00 to 20:00 h) with free access to pellet laboratory chow 163 
(Cooperación, Buenos Aires, Argentina) and tap water supplied ad libitum in glass bottles 164 
with rubber stoppers surrounded by a steel ring. Rats were conserved under standard 165 
laboratory conditions (SC) up to postnatal day (PND) 80 (Y) or PND 350 (A). At these 166 
ages, rats were divided into six groups: 1)- animals exposed to sensory enrichment (SE) 167 
until PND 90 or 360 (Y-SE and A-SE, respectively); 2)- animals exposed to motor 168 
enrichment (ME) until PND 90 or 360 (Y-ME and A-ME, respectively) and 3)- animals left 169 
in standard laboratory conditions up to the same ages (Y-SC and A-SC). The time course of 170 
the experiment is displayed in Figure 2.  171 
Standard and enriched rats were housed in a group of eight animals in large cages that were 172 
designed to provide social stimulation. The first ones were not exposed to enriching 173 
objects. Enriched rats were divided into two groups: those exposed to SE and those exposed 174 
to ME. SE was provided by an assortment of objects that always included large plastic 175 
tubes and toys of various shapes, sizes and colors (Figure 2). For ME, rodent wheels were 176 
provided (Figure 2). Same partners were maintained during all the experiment. Enrichment 177 
protocols were described previously by our group in Rossetti et al. (2015). Animals were 178 
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handled humanely and with regard for the alleviation of suffering and in accordance with 179 
the principles and procedures outlined in the Guide for the Care and Use of Laboratory 180 
Animals issued by the US National Academy of Sciences and approved by the ethical 181 
committee of the School of Biochemistry and Biological Sciences, Universidad Nacional 182 
del Litoral. 183 
Animals were sacrificed by decapitation at PND 90 (Y-SC, Y-SE, Y-ME) or PND 360 (A-184 
SC, A-SE and A-ME). Importantly, all animals were sacrificed during the diestrous phase 185 
of the estrous cycle in order to maintain similar endocrine conditions. No significant 186 
differences in estrous cycle were observed between young adult and middle-aged rats 187 
(Rossetti et al., 2016b). The hippocampus (n=16/group) was quickly microdissected under 188 
a GZ6 series dissecting microscope (Leica Corp., Buffalo, NY, USA), frozen in liquid 189 
nitrogen and kept at −80 °C for mRNA and DNA. For IHC, brains were fixed in 40% 190 
buffered paraformaldehyde and embedded in paraffin.  191 
2.2. mRNA analysis 192 
2.2.1. RNA extraction and reverse transcription 193 
The hippocampi of eight animals from each experimental group were individually 194 
homogenized in TRIzol (Invitrogen, Carlsbad, CA, USA) and RNA was prepared according 195 
to the manufacturer's protocol. The concentration of total RNA was assessed by A260, and 196 
the samples were stored at −80 °C. 4 µg of total RNA were reverse-transcribed into cDNA 197 
with Moloney Murine Leukemia Virus reverse transcriptase (300 units; Promega, Madison, 198 
WI, USA) using 200 pmol of random primers (Promega, Madison, WI) as was described by 199 
Rossetti et al. (2015).  200 
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 201 
2.2.2. Real time quantitative PCR (RT-PCR) 202 
Each reverse-transcribed product was amplified in duplicate using the Real-Time DNA 203 
Step One Cycler (Applied Biosystems Inc., Foster City, CA, USA). Primer pairs used for 204 
the amplification of StAR, P450scc, 3β-HSD, P450(17α), P450arom, 5αR-1, 3α-HSD, 205 
P450(11β)-2, 17β-hydroxysteroid dehydrogenase type 3 (17β-HSD-3), and the ribosomal 206 
protein L19 (housekeeping gene) are shown in Rossetti et al. (2015). For cDNA 207 
amplification, 5 µl of cDNA was combined with HOT FIREPol EvaGreen qPCR Mix Plus 208 
(Solis BioDyne; Biocientífica, Rosario, Argentina) and 10 pmol of each primer (Invitrogen, 209 
Carlsbad, CA) to a final volume of 20 µl. After initial denaturation at 95 °C for 15 min, the 210 
reaction mixture was subjected to successive cycles of denaturation at 95 °C for 15 s, 211 
annealing at 52–60 °C for 15 s, and extension at 72 °C for 15 s. Product purity was 212 
confirmed by dissociation curves and agarose gel electrophoresis. Controls containing no 213 
template DNA were included in all assays. The relative expression levels of each target 214 
were calculated based on the cycle threshold (CT) method (Higuchi et al., 1993), which was 215 
calculated using the Step One Software (Applied Biosystems Inc. Foster City, CA, USA, 216 
RRID: SCR_014281) with an automatic fluorescence threshold (Rn) setting. The efficiency 217 
of the PCR reactions for each target was assessed by the amplification of serial dilutions of 218 
cDNA fragments of the transcripts under analysis. Accordingly, the fold expression over 219 
control values was calculated for each target by the relative standard curve methods 220 
(Rossetti et al., 2015). No significant differences in CT values were observed for L19 221 
among the various experimental groups. 222 
 223 
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2.3. Immunohistochemistry 224 
Brain serial sections (5 µm in thickness) were deparaffinized and dehydrated in graded 225 
ethanols. Endogenous peroxidase activity and nonspecific binding sites were blocked. 226 
Primary antibodies against 5αR-1 and P450arom were incubated overnight at 4 °C (Table 227 
2). The reactions were developed using a streptavidin-biotin peroxidase method and a 228 
combination of diaminobenzidine and nickel chloride (DAB-Ni) (Sigma) or DAB alone 229 
was used as chromogen substrate. Samples were mounted with permanent mounting 230 
medium (Eukitt, Sigma). Each immunohistochemical run included negative controls in 231 
which the primary antibody was replaced by non-immune goat serum (Sigma).  232 
The images of different hippocampal fields were recorded by a Spot Insight V3.5 color 233 
video camera attached to an Olympus BH2 microscope (illumination, 12 V, 100 W halogen 234 
lamp, equipped with a stabilized light source). The microscope was set up properly for 235 
Koehler illumination. Correction of unequal illumination (shading correction) and the 236 
calibration of the measurement system were performed with a reference slide. The granule 237 
layers of the dentate gyrus (DG), and the CA1 and CA3 regions of the hippocampus were 238 
delimited as was previously described by Moreno-Piovano et al. (2014). 239 
 2.4. Generation of anti-5αR-1  and anti- P450arom and validation assays 240 
For 5αR-1 and P450arom, we generated affinity-purified rabbit polyclonal antibodies, 241 
following previously described protocols (Varayoud et al., 2008). The antigens were 242 
expressed in Escherichia coli JM109 (Stratagene Corp., La Jolla, CA, USA) as glutathione-243 
S-transferase fusion proteins using a pGEX4T-3 vector (Stratagene Corp., La Jolla, CA). 244 
The 5αR-1 antigen included the region corresponding to amino acids 157 - 209 of the rat 245 
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sequence (Accession no. Genbank:  NM_017070.3), whereas the P450arom antigen 246 
included the region corresponding to amino acids 341 – 400 (Accession no. Genbank: 247 
NM_017085.2). Antibodies were purified using antigen-linked affinity chromatography 248 
(Hi-Trap NHS activated HP column; GE Healthcare, Buenos Aires, Argentina).  For 249 
specificity validation tests, the antibodies against steroidogenic enzymes were preabsorbed 250 
by incubating 1 µg of antibody with 10–20 µg of the antigenic peptide for 24 h at 4 °C and 251 
both antibody–antigen complexes were assayed by Western blot and IHC in positive 252 
control tissue. In addition, the specificity of the anti-serum was tested by Western blot 253 
analysis of protein extracts from rat ovary and by IHC of ovary sections. 254 
For Western blot, protein extractions were performed as previously described (Kass et al., 255 
2012). Total protein concentration was determined using a colorimetric BCA Protein Assay 256 
Kit from Pierce Chemical Co. (Rockford, IL, USA). Equal amounts of protein (100 µg) 257 
from each sample were resolved by 15% SDS-PAGE, transferred to nitrocellulose 258 
membrane (Bio-Rad Argentina, Buenos Aires, Argentina) and reacted with anti-5αR-1  259 
(dilution 1:100, 1:200 and 1:400) and anti-P450arom (dilution 1:100, 1:200 and 1:400). A 260 
peroxidase-conjugated anti-rabbit secondary antibody (Sigma–Aldrich) was used at a 1:200 261 
dilution, and the reaction was visualized using diaminobenzidine (DAB, Sigma–Aldrich). 262 
Molecular weights were determined by comparison to molecular weight standards (Broad 263 
Range Protein Markers, Promega, Madison, WI, USA). 264 
2.5. Characterization of anti-5αR-1 and anti- P450arom 265 
The characterization of the antiserum obtained against 5αR-1 and P450arom is shown 266 
in Figure 3. Specific bands of 29 kDa and 58 kDa were detected in Western blot assays in 267 
the ovary of pregnant rat on gestational day 17, respectively (Figure 3A). To evaluate the 268 
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immunoreactivity in paraffin-fixed tissues, IHC assays on ovary sections were performed 269 
(Table 2) and the expression pattern of both proteins was defined (Figure 3B). 270 
Immunoreactivity of P450arom was observed as a dotted cytoplasmic pattern compatible 271 
with a mitochondrial located protein in the cytoplasm of oocytes (Figure 3B-a); staining for 272 
5αR-1 was found in the cytoplasm of the ovarian granulosa and theca cells (Figure 3B-b). 273 
Theca cells also presented lower positive immunoreactivity for P450arom. Specific staining 274 
was absent when the antibodies were preincubated with the corresponding peptide used as 275 
immunogen, indicating the specificity of the Western blot and IHC staining (Figure 3B-276 
c,d). 277 
 278 
2.6. Methylation-sensitive analysis 279 
2.6.1. Bioinformatic analysis 280 
Promoter region of 3α-HSD (Rossetti et al., 2015), 5αR-1 (Rossetti et al., 2015), P450arom 281 
(Rossetti et al., 2016b) and P450(11β)-2 (Rossetti et al., 2016b) were previously described 282 
by our group. Here, we analyzed the P450(17α) rat gene (Accession number NC_005100.4) 283 
using MethPrimer program (http://www.urogene.org/cgi-bin/methprimer/methprimer.cgi; 284 
RRID: SCR_010269) for CpG islands, which are defined as a DNA sequence of 200 bp 285 
with a calculated percentage of CpGs of more than 50% and a calculated versus expected 286 
CpG distribution higher than 0.6. These regions were also tested for methylation sensitive 287 
restriction BstUI, SmaI and Mae II enzymes and for putative binding sites for transcription 288 
factors using the TFSEARCH program (http://www.cbrc.jp/research/db/TFSEARCH.html; 289 
RRID: SCR_004262). PCR primers were designed using the NCBI Primer-BLAST 290 
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(National Center for Biotechnology; https://www.ncbi.nlm.nih.gov/tools/primer-blast/; 291 
RRID: SCR_003095) (Table 1). 292 
2.6.2. DNA extraction and digestions with methylation-sensitive restriction enzymes 293 
Hippocampal DNA (n=8/group) was individually prepared using the Wizard Genomic 294 
DNA Purification Kit (Promega, Madison, WI). The concentration of total DNA was 295 
assessed by A260, and DNA was stored at 2–8 °C until needed. Equal quantities (1.5 µg) of 296 
total DNA were digested with 7.5 units of BamHI (Promega, Madison, WI) to reduce the 297 
size of the DNA fragments and then purified with the Wizard SV gel and PCR Clean-Up 298 
System Kit (Promega, Madison, WI). A 130 ng sample of BamHI-cleaved DNA was 299 
digested overnight with 2 units of BstUI (New England BioLabs, Beverly, MA) or Mae 300 
II (Roche Applied Science, Indianapolis, IN) and 1X enzyme buffer at 60 °C or 50 °C, 301 
respectively, as described by Rossetti et al. (2015). 302 
 303 
2.6.3. Real time quantitative PCR (RT-PCR) 304 
An optimized PCR protocol was employed to analyze the relative expression levels of 305 
various regions of the 3α-HSD (Rossetti et al., 2015), 5αR-1 (Rossetti et al., 2015), 306 
P450arom (Rossetti et al., 2016b), P450(11β)-2 (Rossetti et al., 2016b) and P450 (17α) 307 
(Table 1) promoters. For DNA amplification, 5 µl of DNA was combined with HOT 308 
FIREPol EvaGreen qPCR Mix Plus (Solis BioDyne; Biocientífica, Rosario, Argentina) and 309 
10 pmol of each primer (Invitrogen, Carlsbad, CA) to a final volume of 20 µl. Each sample 310 
was quantified in triplicate. Primer pairs and PCR procedures were described previously in 311 
Rossetti et al. (2015) and Rossetti et al. (2016b). A region devoid of BstUI or Mae 312 
II restriction sites was amplified as an internal control (IC). When a CpG-rich site is 313 
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methylated, enzymatic digestion with BstUI or Mae II is not possible, allowing 314 
amplification of the fragment. In contrast, if the CpG-rich site is not methylated, BstUI 315 
or Mae II cleaves the DNA and prevents amplification of the fragment. The relative degree 316 
of promoter methylation was calculated by plotting CT values against the log input (internal 317 
control), yielding standard curves for the quantification of unknown samples (Rossetti et 318 
al., 2015). 319 
 320 
2.7. Statistical analysis 321 
Sample size was determined using G Power software (http://www.gpower.hhu.de/; 322 
RRID:SCR_013726) (Faul et al., 2007). To confirm normal distribution and 323 
variance homogeneity an exploratory analysis was conducted (Shapiro–Wilk test, Levene's 324 
test). Data (expressed as the means ± SEM) were statistically analyzed using the IBM SPSS 325 
Statistics 19 software (IBM Inc.; RRID: SCR_002865). SE and ME effects on mRNA 326 
levels and DNA methylation were analyzed by two-way ANOVA followed by Bonferroni 327 
post-test. Differences were considered significant at p<0.05. 328 
3. Results 329 
3.1. Sensory and motor enrichment differentially modify the mRNA expression 330 
of hippocampal steroidogenic genes 331 
 332 
Two-way ANOVA revealed interaction between age and environmental stimulus in 333 
the transcription of P450(17α) (F(3,28): 3.63, p < 0.05), 5αR-1 (F(3,28): 4.11, p < 0.05), 3α-334 
HSD (F(3,28): 3.71, p < 0.05), P450(11β)-2 (F(3,28): 3.69, p < 0.05) and P450arom (F(3,28): 335 
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21.68, p < 0.001). The expression of P450(17α), 5αR-1 and 3α-HSD decreased in middle-336 
aged rats (A-SC, A-SE and A-ME) compared to the young adult groups (Y-SC, Y-SE and 337 
Y-ME), independently of the environment (standard/enrichment, Figure 4). In addition, the 338 
mRNA levels of P450(17α), 5αR-1 and 3α-HSD increased in both groups Y-SE and Y-ME 339 
compared to Y-SC (p<0.05, Figure 4). On the other hand, gene levels of P450(11β)-2 and 340 
P450arom were higher in the Y-SC compared to the A-SC group (p< 0.05), but a different 341 
result was found when compare young and aged rats exposed to EE (Figure 4). In young 342 
adult animals, ME increased the levels of the P450(11β)-2 gene (Y-SC vs. Y-ME, p< 343 
0.05); in middle-aged animals both SE and ME improved the transcription of this enzyme 344 
(A-SC vs. A-ME, p< 0.05, A-SC vs. A-SE, p< 0.05), achieving mRNA levels in A-ME 345 
and A-SE equal to levels in Y-SC group (Figure 4). Contrary, a decreased in the 346 
expression of P450arom was detected in Y-ME and Y-SE compared to Y-SC animals (p< 347 
0.05, Figure 4). The gene expression of StAR (F(3,28): 91, p<0.001), P450scc (F(3,28) > 348 
1000, p<0.001), 3β-HSD (F(3,28) > 1000, p<0.001) and 17β-HSD-3 (F(3,28): 89.9, p<0.001) 349 
decreased by at least 2-fold in middle-aged rats (A-SC, A-SE and A-ME) compared to the 350 
young adult group (Y-SC, Y-SE and Y-ME), but no effect of enrichment condition was 351 
detected (Figure 4). 352 
 353 
3.2. Localization of 5αR-1 and P450arom proteins in the rat hippocampus   354 
The localization of the most relevant steroidogenic enzymes 5αR-1 and P450arom was 355 
determined in hippocampal formation using IHC (Figure 5). Immunoreaction was restricted 356 
to the cytoplasm of neurons and was observed as a speckled-labeling pattern in neurons 357 
located in the CA1-CA3 and DG regions. The pattern of expression did not show 358 
differences between all experimental groups. Taking into account that the expression of 359 
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these proteins was extremely low in both the young adult and middle-aged rat 360 
hippocampus, it was not possible to perform a quantitative analysis. 361 
 362 
3.3. In silico analysis of candidate sites of DNA methylation in the rat P450(17α) 363 
gene promoter 364 
 365 
The 3α-HSD (Rossetti et al., 2015), 5αR-1(Rossetti et al., 2015), P450arom(Rossetti et al., 366 
2016b) and P450(11β)-2(Rossetti et al., 2016b) promoter regions, their predicted binding 367 
proteins and methylation-targeted CG areas have been previously described. In this study, 368 
we analyzed the promoter region of the P450(17α) looking for methylation-targeted CG 369 
areas. Using informatic tools, we found a CpG Island within the promoter region and one 370 
site for Mae II enzyme. In addition, one isolated CG site was presented that could be a 371 
potential site for methylation and, in consequences, target for digestion by the methylation 372 
sensitive restriction enzyme Mae II. No relevant transcription factors were predicted in the 373 
study areas. The results are shown in Figure 6. 374 
 375 
3.4. Methylation levels of steroidogenic enzyme promoters are altered by sensory 376 
and motor enrichment 377 
 378 
To evaluate whether the effects of sensory and motor stimulation on the transcript 379 
expression were associated with differential DNA methylation, we determined the 380 
methylation state of the transcriptionally active promoters of steroidogenic enzymes in all 381 
experimental groups. For that, genomic DNA from the hippocampus was incubated with 382 
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the Mae II and BstUI restriction enzymes, and the targeted DNA regions were studied by 383 
real-time PCR. The different sites studied within each promoter are referred to as the name 384 
of the methylation-sensitive restriction enzymes (Mae II or BstUI).  385 
Interactions between age and environment were detected in MaeII(c) site from 3α-HSD 386 
promoter (F(3,28) : 6.42, p < 0.01),  BstUI(a) (F(3,28): 7.17, p< 0.01) and MaeII(d) (F(3,28): 387 
6.98, p< 0.01) sites in 5αR-1 promoter and at the MaeII(a) site in P450(11β)-2 promoter 388 
(F(3,28): 4.53, p< 0.05). Particularly, a decrease at the MaeII (c) site was found at the 3α-389 
HSD promoter in Y-ME, A-SE and A-ME rats compared to Y-SE and Y-SC (p< 0.05, 390 
Figure 7A). In addition, in the 5αR-1 gene a reduction in the methylation status was 391 
detected at the BstUI(a) site in Y-ME rats compared to Y-SE and Y-SC (p< 0.01, Figure 392 
7B), while MaeII(d) site methylation levels decreased in the Y-SE and A-SE compared to 393 
Y-SC, Y-ME and A-ME (p< 0.01, Figure 7B). Finally, methylation levels of MaeII(a) site 394 
in P450(11β)-2 promoter (p< 0.05, Figure 7D) were higher in Y-SC, Y-ME and A-SC 395 
compared to Y-SE, A-SE and A-ME rats. No changes were detected in methylation levels 396 
of the P450(17α) and P450arom genes (Figure 7C and 7E). 397 
 398 
4. Discussion 399 
Several studies have identified changes at cellular, molecular and behavioral levels 400 
associated with the effects of a short-term EE. Here, we analyzed for the first time the 401 
effects of this experimental environment condition on the transcriptional regulation of 402 
steroidogenic enzymes in the hippocampus of young and middle-aged female rats, 403 
differentiating sensory and motor enrichment in two independent experiments. In young 404 
animals, both kind of environments SE and ME increased the mRNA expression of 405 
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P450(17α), 5αR-1 and 3α-HSD compared to SC group. These results are similar to those 406 
found by Munetsuna et al. (2011) and by our group (Rossetti et al., 2015) in adult animals 407 
that were exposed to a long-term EE (8 or 16 weeks, respectively). On the other hand, SE 408 
and ME decreased the expression of P450arom compared to animals housed under SC. 409 
Interestingly, ME upregulated P450(11β)-2 gene expression in both young adult and 410 
middle-aged animals. No other differences in gene expression were observed in aged 411 
animals. These results are in accordance with other authors that show the differential effect 412 
of EE on memory functions and synaptic plasticity, depending on the age of the animals. 413 
While some of them found a positive effect on object recognition and spatial memory in 414 
aged animals exposed to a long-term EE (Bennett et al., 2006; Frick et al., 2003; Gresack et 415 
al., 2007a, 2007b; Harburger et al., 2007); others reported that a short-term EE only 416 
improves brain functions, such as synaptogenesis and neurogenesis, in young animals, but 417 
not in aged ones (Rapley et al., 2018; Sager et al., 2018). In addition to that, we previously 418 
reported that the exposure of middle-aged rats for 12 weeks to EE increased mRNA levels 419 
of 5αR-1, 3α-HSD and P450(17α) (Rossetti et al., 2015).  The results suggest that middle-420 
aged animals would require a more prolonged stimulus than do young adults to observe 421 
similar effects and this could be a consequence of  age-associated cognitive impairment, 422 
decreased plasticity (Bishop et al., 2010; Schumacher et al., 2003) and decline of 423 
neurosteroidogenesis (Higo et al., 2009; Hojo and Kawato, 2018). In this sense, we found 424 
that the mRNA levels of steroidogenic enzymes were 2.5- to 9- fold higher in young adult 425 
rats than in middle-aged rats. No differences in estrous cycle and circulating estradiol 426 
concentration were reported between these ages (Rossetti et al., 2018; Rossetti et al., 427 
2016b). However, estradiol levels were quantified only during diestrous phase; thus, we 428 
could not discard estradiol concentration changes during proestrous/estrous phases. Based 429 
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on that and taking into account the relevance of estradiol in the control of 430 
neurosteroidogenesis, the variations in ovarian status could be a possible factor that 431 
explains the modification in the transcription of steroidogenic enzymes associated with age. 432 
Nevertheless, further experiments are needed. Several studies have reported a decrease of 433 
steroidogenic enzyme expression during postnatal development (Higo et al., 2009; Ibanez 434 
et al., 2003; Kim et al., 2002; Kimoto et al., 2010; Rossetti et al., 2018; Rossetti et al., 435 
2015). Although it would be interesting to evaluate if all these changes at mRNA level 436 
correlate with changes in protein expression, a quantitative comparison using Western Blot 437 
and/or IHC is very difficult, due to extremely low level expression of these proteins (Higo 438 
et al., 2009). In the present study we showed the localization of 5αR-1 and P450arom 439 
enzymes and the results are in accordance with those previously mentioned by Hojo et al. 440 
(2011). The pattern of expression of these molecules in CA1-CA3 and DG was similar 441 
between all experimental groups.  442 
Epigenetic dysregulation currently garners much attention as a pivotal player in aging and 443 
age-related neurodegenerative disorders, where it may mediate interactions between genetic 444 
and environmental factors (Delgado-Morales et al., 2017; Gasparoni et al., 2018; 445 
Lardenoije et al., 2015; Nativio et al., 2018). In this sense, previous studies reported 446 
modifications in epigenetic programming by different types of environments.  Weaver et al 447 
(2004) reported that increased pup licking and grooming and arched-back nursing by rat 448 
mothers altered the offspring epigenome at a glucocorticoid receptor gene promoter in 449 
the hippocampus. Kuzumaki et al. (2011) showed that the induction of BDNF expression is 450 
correlated with significant changes in histone methylation in the hippocampus of mice 451 
exposed to EE. Recently, we showed alterations in methylation levels of steroidogenic 452 
enzymes such as 5αR-1 and P450arom by long-term EE, maternal experience and junk-453 
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food diet exposure (Lazzarino et al., 2017; Rossetti et al., 2016b; Rossetti et al., 2015).  454 
Along the same line, we observed hypomethylation at the 5αR-1 gene (site d) produced by 455 
SE and at the 5αR-1 (site a) and 3α-HSD promoters produced by ME, in young rats. The 456 
fact that two different sites within the CpG Island of the 5αR-1 promoter altered their 457 
methylation patterns depending on the EE, suggests that these sites could be potentially 458 
regulatory stimulus-specific sites. These results are in accordance with a recent publication 459 
by our group where we correlated a hippocampal alterations in the methylation levels of 460 
5αR-1 (site d) with changes in the mRNA expression of this enzyme in young adult rats 461 
exposed to a long-term EE (Rossetti et al., 2015). In aged rats, SE and ME decreased 462 
methylation levels at the P450(11β)-2. Although this site is not included in a CpG Island, it 463 
corresponds with a cis-acting element Ad1, which is a regulatory site localized in the 5′ 464 
upstream promoter region (Nomura et al., 1993). Altogether, these results proposed that a 465 
short-term SE and ME could increase the gene expression of 3α-HSD, 5αR-1 and 466 
P450(11β)-2 in the hippocampus through methylation changes in their promoters.  467 
Alterations in the methylation patterns at the P450(11β)-2 promoter were found in young 468 
animals exposed to SE, although no mRNA levels changes were reported. In this sense, it is 469 
possible that a greater change in methylation control is required to modify mRNA levels. In 470 
addition, further experiments are needed to analyze the role of the promoter study site in the 471 
transcriptional control of the associated enzyme and to examine the relevance of these 472 
epigenetic changes. Contrary, no methylation alterations were found in P450arom and 473 
P450(17α) promoters. Due to the limitations of the technique, some methylation-474 
targeted CG sites were not included in the analysis. In addition, EE could regulate the 475 
transcription of these enzymes by other epigenetic mechanisms, such as histone 476 
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modifications or miRNA (Martinez-Arguelles and Papadopoulos, 2010; Zhang and Ho, 477 
2011), or by controlling the expression of certain transcription factors (Yang et al., 2002).  478 
Slight changes in steroidogenic enzyme expression have been previously shown to affect 479 
metabolism. A 2-fold decrease in the levels of 5αR protein and mRNA was correlated with 480 
50% reduction in allopregnanolone levels in the frontal cortex of mice (Dong et al., 2001). 481 
In addition, Higo et al. (2009) showed a correlation between an increase in the rate of 482 
metabolism for androgens and estrogen and a rise (1.3- to 1.5-fold) of the mRNA 483 
expression of steroidogenic-related enzymes such as P450arom and P450(17α) in the 484 
hippocampus of male rats at PND10. In this context, it is possible that the major changes 485 
found in 5αR-1, 3α-HSD, P450(17α), P450arom, and P450(11β)-2 enzyme expression in 486 
the female hippocampus exposed to a short-term EE could be associated with alterations in 487 
neurosteroid levels such as allopregnenolone, dehydroepiandrosterone (DHEA), 488 
corticosteroid and estradiol.  489 
Short-term cognitive enrichment and/or voluntary exercise has been reported to improve 490 
hippocampal neurogenesis (Beauquis et al., 2010; Brenes et al., 2016), dendritic branching 491 
(Beauquis et al., 2010; Bindu et al., 2007), neuron survival (Birch et al., 2013), synaptic 492 
plasticity (Ashokan et al., 2016; Bhagya et al., 2017; Cassilhas et al., 2016; Ryan and 493 
Kelly, 2016; Stein et al., 2016), neurotrophin expression (Birch et al., 2013; Sleiman et al., 494 
2016) and memory performance (Bhagya et al., 2017; Birch et al., 2013; Cassilhas et al., 495 
2016; Diederich et al., 2017; Griffin et al., 2009). Interestingly, Lambert et al. (2005) 496 
provided the first evidence that different elements of the EE (cognitive enrichment versus 497 
voluntary exercise) have markedly distinct effects on spatial memory and synaptic 498 
alterations. Particularly, exercise, but not cognitive stimulation, improved spatial working 499 
memory relative to controls, despite the fact that both exercise and cognitive stimulation 500 
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increased synaptophysin levels in the neocortex and hippocampus. In this sense, our results 501 
show how sensory and motor stimuli differentially modify the transcription of hippocampal 502 
steroidogenic enzymes: while both SE and ME enhanced the expression of enzymes 503 
involved in allopregnanolone and DHEA synthesis in young adult animals, ME improved 504 
the transcription of genes that are implicated in corticosteroid pathway in young adult and 505 
middle-aged rats. Allopregnanolone increases hippocampal neurogenesis, neuronal survival 506 
and density of dendritic spines, improves learning and memory functions and has a 507 
neuroprotective role in diseases such as AD, PD and multiple sclerosis (Rossetti et al., 508 
2016a). On the other hand, corticosteroids are widely known by their anti-inflamatory 509 
effects. Remarkably, Du et al. (2017) previously reported that exercise training increases 510 
11β-hydroxysteroid dehydrogenase 1 expression, contributing to glucocorticoid activation 511 
and suppression of pulmonary inflammation in obese mice. In addition, several works 512 
reported that corticosteroids are involved in memory formation (Lupien and Lepage, 2001) 513 
and consolidation in the rodent hippocampus (Cottrell and Nakajima, 1977; Kelemen et al., 514 
2014; Micheau et al., 1984). DHEA and its sulfate form contribute to the survival of 515 
neurons and the growth of neuritis of the cortical neurons of embryonic rat brains, have a 516 
protective effect on hippocampal neurons against the toxic effects of glutamate, and have 517 
exhibited anti-oxidant and anti-inflammatory effects (Delchev and Georgieva, 2018). In this 518 
context, it is possible that sensory and motor enrichment regulate the transcription of 519 
steroidogenic enzymes to improve the levels of certain neurosteroids and promote 520 
hippocampal neuronal plasticity and neuroprotection.  521 
The results related to P450arom expression detected in the present study are contradictory 522 
with previous works. Surprisingly, both SE and ME decreased the expression of P450arom 523 
in young adult rats. Several authors found that P450arom appears to play a pivotal role in 524 
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neuroprotection by increasing production of estrogen at the site of mechanical or ischemic 525 
injury (Lavaque et al., 2006; Luchetti et al., 2011a; Luchetti et al., 2011b; Roselli, 2007). 526 
Thus, we could propose that the decrease expression of P450arom that we found here, 527 
could be part of a compensatory mechanism in response to the increase transcription of 528 
enzymes involved in other steroid pathways such as P450(17α), 5αR-1 (in SE and ME 529 
animals) and P450(11β)-2 (in ME animals). However, further studies are needed to 530 
establish the importance of neurosteroids under these experimental conditions. 531 
 532 
5. Conclusion 533 
We analyzed the effects of a short-term EE on brain steroidogenesis, differentiating sensory 534 
and motor enrichment in two independent experiments. In young adult animals, both kind 535 
of environments increased the mRNA expression of P450(17α), 5αR-1 and 3α-HSD 536 
enzymes and decreased the expression of P450arom. Moreover, we found hypomethylation 537 
at the 5αR-1 gene produced by both SE and ME at different regulatory sites and at the 3α-538 
HSD promoters produced by ME. In aged rats, ME upregulated P450(11β)-2 gene 539 
expression and decreased the methylation levels of its promoter. In this context, we 540 
proposed that sensory and motor enrichment could differentially regulate the transcription 541 
of steroidogenic enzymes through epigenetic mechanisms. Although further studies are 542 
needed, these changes could improve the levels of neurosteroids and potentially promoted 543 
the plasticity and the neuronal functions.  544 
 545 
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 826 
Legends 827 
Table 1. The sequences of primer oligonucleotides for PCR amplification. 828 
Table 2. Antibodies used for immunohistochemistry. 829 
Figure  1. Pathway of neurosteroid synthesis in the rat hippocampus. Steroidogenic acute 830 
regulatory protein (StAR); cytochrome P450 side chain cleavage (P450scc); 3β-831 
hydroxysteroid dehydrogenase/∆5-∆4-isomerase (3β-HSD); cytochrome P450 17α-832 
hydroxylase/c17,20-lyase (P450(17α)); steroid 5α-reductase (5αR); 3α-hydroxysteroid 833 
dehydrogenase (3α-HSD); cytochrome. P4502d4 (P450(2d4)); 11β-hydroxylase 834 
(P450(11β)-1); aldosterone synthase (P450(11β)-2); 17β-hydroxysteroid dehydrogenase 835 
(17β-HSD) and cytochrome P450 aromatase (P450arom).  836 
 837 
Figure 2. Experimental protocol and caging conditions. Rats were maintained under 838 
standard laboratory conditions (SC) from postnatal day (PND) 0 to PND 80 (Y-SC) or to 839 
PND 350 (A-SC). At PND 80 and 350, animals (n=16/group) were left in standard 840 
conditions (SC; n=8/cage) or differentially housed in a sensory enriched environment (SE; 841 
n=8/cage) or a motor enriched environment (ME; n=8/cage) up to PND 90 (Y) and 360 (A).  842 
 843 
Figure 3. Characterization of P450arom and 5αR-1 antisera using rat ovary. A) In Western 844 
blot assays, native proteins (58 kDa and 29 kDa, respectivily) were detected in the ovary. 845 
Specific protein detection was negative when primary antibodies were absent (NC).  B) 846 
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Immunoreactivity of the antibodies was evaluated by immunohistochemistry in tissue 847 
sections of ovary. (a) Specific P450arom immunoreactivity was observed as a speckled 848 
cytoplasmic pattern compatible with a mitochondrial located protein in the cytoplasm of 849 
oocytes. (b) Positive staining for 5αR-1 was found in the cytoplasm of the ovarian 850 
granulosa and theca cells. (c, d) Specific staining was absent when the primary antibodies 851 
were preabsorbed with the peptide used as immunogen. The reactions were developed 852 
using diaminobenzidine and counterstained with Mayers’s hematoxylin. Scale bars: 50 µm. 853 
Steroid 5α-reductase type 1 (5αR-1); cytochrome P450 aromatase (P450arom). 854 
 855 
Figure  4. Real-time PCR analysis of the mRNA levels of steroidogenic enzymes and StAR 856 
in young adult (Y) and middle-aged (A) female rat hippocampus under sensory and motor 857 
enrichment (SE and ME) versus standard conditions (SC). The amounts of mRNA in Y-SC, 858 
Y-SE, Y-ME, A-SE and A-ME rats are indicated as relative values to A-SC. The columns 859 
and error bars represent the means ± SEM (n=8/group). Different letters indicate a 860 
significant difference at p < 0.05 by Bonferroni's test after two-way ANOVA. 861 
 862 
Figure 5.  Immunohistochemistry analysis of P450arom and 5αR-1 antisera in rat 863 
hippocampus. Young adult (Y) and middle-aged (A) female animals housed under standard 864 
laboratory conditions (SC) and exposed to sensory and motor enrichment for 10 days (SE 865 
and ME, respectively) were analyzed. In CA1-CA3 and dentate gyrus (DG) areas, specific 866 
immunoreaction was observed in the cytoplasm of neurons as speckled-labeling pattern 867 
(black arrows). Scale bars: 300 µm; the inset shows higher magnification of the clusters in 868 
DG, although the pattern was similar in all studied areas. Steroid 5α-reductase type 1 (5αR-869 
1); cytochrome P450 aromatase (P450arom). 870 
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 871 
Figure  6. Map of the P450(17α) promoter. The positions of the TATA box are indicated. 872 
CpG islands and CG target sites for digestion by the methylation-sensitive restriction 873 
enzyme Mae II (ACGT) are indicated.  874 
 875 
Figure  7. Methylation analysis using methylation-sensitive restriction enzymes followed 876 
by real-time PCR in the female hippocampus of young adult (Y) and middle-aged (A) rats 877 
housed under standard laboratory conditions (SC) and exposed to sensory and motor 878 
enrichment for 10 days (SE and ME, respectively). Methylation-sensitive restriction sites of 879 
the 3α-HSD (A), 5αR-1(B), P450(17α) (C), P450(11β)-2 (D) and P450arom (E) gene 880 
promoters were studied. The relative methylation state in Y-SC, Y-SE, Y-ME, A-SE and 881 
A-ME rats are indicated as relative values to A-SC. The columns and error bars represent 882 
the means ± SEM (n=8/group). Different letters indicate a significant difference at p < 0.05 883 
by Bonferroni's test after two-way ANOVA. 884 
 885 
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Table 1. The sequences of primer oligonucleotides for PCR amplification. 
Targets Primer sense  Primer antisense  
IC P450(17α) 5´- GCAACTGAACTAAAACAAGG - 3´ 5´- TAAGCAACAACTCTCCAATC - 3´ 
Mae II (a) P450(17α) 5´- AGGAGTATTCATAGGCAGAA - 3´ 5´- GTATAAATCTTGTGGGCAAC- 3´ 
Mae II (b) P450(17α) 5´- CAGAGAGATGGCACAAATGT - 3´ 5´- TACATGCAGGTAAAAGGCTC - 3´ 
IC: internal control; P450(17α): cytochrome P450 17α-hydroxylase/c17,20-lyase. 
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Table 2. Antibodies used for immunohistochemistry. 
Antibody Dilution Suplier 
Primary   
Anti- 5αR-1  
 
Anti-P450arom 
1/500 
 
1/500 
Instituto de Salud y Ambiente del Litoral (Santa Fe, 
Argentina)* 
Instituto de Salud y Ambiente del Litoral (Santa Fe, 
Argentina)* 
Secondary   
Anti-rabbit 1/200 Sigma (St. Louis, MO) 
* Anti-5αR-1 and Anti-P450arom were generated and tested in our laboratory as was described by Varayoud 
et al. (2008). 5αR-1: steroid 5α Reductase type 1; P450arom: cytochrome P450 aromatase. 
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